Tonoplast enriched membrane vesicle fractions were isolated from unadapted and NaCI (428 millimolar) adapted tobacco cells (Nicotiana tabacum L. var Wisconsin 38). Polypeptides from the tonoplast enriched vesicle fractions were separated by SDS-PAGE and analyzed by Western blots using polyclonal antibodies to the 70 kilodalton subunit of the red beet tonoplast H -ATPase. These antibodies cross-reacted exclusively to a tobacco polypeptide of an apparent molecular weight of 69 kilodaltons. The antibodies inhibited ATP-dependent, NO3 sensitive H+ transport into vesicles in tonoplast enriched membrane fractions from both unadapted and NaCI adapted cells. The relative H+ transport capacity per unit of 69 kilodalton subunit of the tonoplast ATPase of vesicles from NaCI adapted cells was fourfold greater than that observed for vesicles from unadapted cells. The increase in specific Ho transport capacity after adaptation was also observed for ATP hydrolysis.
The ability of plants to survive and grow in a saline environment involves an integration of intracellular and multicellular adaptive mechanisms. Although it is problematic, if not impossible, to assess accurately the relative contribution of either type of mechanisms to salt tolerance of plants, it is generally hypothesized that intracellular mechanisms might be integral components of salt tolerance (9, 19) . Of critical importance are those cellular adaptations which facilitate osmotic adjustment by mediating ion accumulation and intracellular compartmentation (3) . Utilization of the ions that comprise the saline environment for osmotic adjustment would seemingly be an efficient way to counteract the water deficit imposed by high extracellular concentrations of ions. However, adaptation to salt may not result in enhanced capacity of cytosolic physiological and biochemical processes to function more effectively at high ion concentrations. As a consequence, the ability to use ions for osmotic adjustment must involve mechanisms that facilitate ion accumulation in the vacuole while at the same time regulate the concentration of the ions in the cytosol (2, 3) . Cell expansion and cytomorphological adaptations to NaCl have been observed that ostensibly would facilitate ion accumulation for osmotic adjustment (3) . These include reduced rates ofcell expansion and final cell volumes that would lower the total ion flux through the cytosol and also diminish the absolute ion content per cell. Increased cytoplasm-to-vacuole volume ratios would further reduce the amount of ion accumulation needed per cell to establish osmotic adjustment. Greater membrane surface area per cell volume and especially an increased surface area of the tonoplast would enhance the capacity of cells to maintain large ion pools during growth (3) . These changes in geometry would not by themselves favor influx or efflux but would decrease the time necessary to load or unload a compartment (based on the direction of net flux) and facilitate the maintenance of gradients under steady state.
However, it is also likely that salt tolerance involves adaptations of the membranes that affect permeability and facilitate transport of ions. Identification of Na+/H+ exchange activity in isolated vesicle preparations driven by a pH gradient (ApH) has been interpreted to indicate the presence of a Na+/H+ antiporter located in the tonoplast (5, 12) . Presumably, this antiporter is responsible for facilitated uptake of Na+ from the cytosol across the tonoplast into the vacuole. Chloride uptake via a uniport into the vacuole follows the membrane potential gradient (A,1) generated by H+ translocation (6, 27) , although the presence of a H+/anion antiport has been proposed (27) .
Regardless of the exact mechanisms responsible for facilitated Na+ and Cl-influx into the vacuole, it is clear that the primary driving force for this transport is the AAH', generated by H+ translocation across the tonoplast. The cardinal H+ pump in the tonoplast is the H+-ATPase (6, 27) which is a vacuolar-type ATPase (23) . These ATPases, which have been categorized as a result of analogous biochemical properties, are localized in the endomembranes of all eukaryotic cells (14, 23) . More recently, confirmation of the similarity of vacuolar-type ATPases has been obtained by sequence analysis ofcDNA and genomic clones encoding for ATPase subunit polypeptides (14, 20) .
The tonoplast ATPase is composed ofat least three subunits of apparent molecular masses of 16 to 18, 58 to 60, and 68 to 70 kD (23, 27) . Additional subunits have been shown to copurify with the first three subunits (23) . The largest subunit (68-70 kD) has been shown to contain a nucleotide binding site (14, 23, 27) (14) . The 58 to 60 kD subunit also possesses a nucleotide binding site and analyses of cDNA and genomic clones indicate significant structural similarity to the a subunit of FoF1 ATPases (14) . The 16 to 18 kD subunit is a proteolipid proposed to be involved in H+ transport (20, 25, 27) .
In this report, we show that a component of NaCl adaptation of a glycophyte involves altered regulation of the tonoplast ATPase. This is reflected in enhanced capacity of the enzyme for ATP Membrane vesicles were prepared from unadapted and NaCl adapted cells using previous protocols that were modified for use on cell suspensions (6, 7, 15) . Eighty to 100 g (fresh weight) of cells were gravity filtered on a 0.1 mm mesh nylon screen and then incubated in homogenization medium ( (Table II) .
Characterization of H Transport Activity
Vesicles in tonoplast enriched membrane fractions from unadapted and NaCl adapted cells exhibited MgATP-dependent H+ transport which was inhibited by NO3- (Table II) . ATP-Dependent net uptake of '4C-MeA was linear over a 10 min time course (Fig. 1) and for up to 60 ,g of membrane protein (data not shown). ATP was the most effective nucleoside triphosphate substrate for H+ transport (Table III) . Leakage of preloaded MeA from vesicles, isolated from unadapted and NaCl adapted cells was similar (Fig. 2) . Analogous results were obtained for quinacrine leakage after H+ pumping was inhibited with NO3-or terminated by scavenging ATP using hexokinase and glucose (data not shown).
ATPase Activity and H+ Transport in Vesicles from Tonoplast Enriched Sucrose Gradient Fractions
In view of the differences in membrane composition of the 0/22% sucrose gradient interface between unadapted and NaCl adapted cells, comparison of the tonoplast ATPases as a function of total protein in the 0/22% fraction would be obscured. As a consequence, N03 sensitive ATPase activity and H+ transport data were normalized to the content of a subunit of the tonoplast ATPase which was determined by immunoblots using polyclonal antibodies to the 70 kD subunit of the red beet tonoplast ATPase (Fig. 3) . The antibodies cross-reacted to a polypeptide with an apparent molecular mass of 69 kD in the tobacco microsomal and 0/22% membrane fractions. There was approximately a sixfold enrichment in this polypeptide in the 0/22% sucrose interface relative to the microsomal pellet when the blot was scanned (Fig. 3) , further suggesting enrichment of tonoplast membranes in the 0/22% fractions. Two-dimensional immunoblots revealed the presence of two cross-reactive 69 kD polypeptides (data not shown). The proportion ofthe two isoforms was unchanged after adaptation. Two isoforms ofthis subunit in barley have been detected also with the red beet antibodies (11) .
To verify that the immunoreactive 69 kD tobacco polypeptide was indeed a component of the tonoplast H+-ATPase, the antibodies were tested for their ability to inhibit ATPdependent N03-sensitive H+ transport of tonoplast vesicles. inhibited H+ transport into vesicles of tonoplast enriched membrane fractions from unadapted and NaCl adapted cells (Fig. 4) . Similar inhibition of H+ transport by antibodies to the analogous subunit of the tonoplast ATPase from maize has been interpreted to indicate immunological specificity (26) . For relative quantitative estimation of the level of the 69 kD tonoplast H'-ATPase subunit, the degree of immunoreactivity to the polypeptide from different cell types was compared by densitometric scanning of the immunoblots. The degree of immunoreactivity to the 69 kD polypeptides from unadapted and NaCl adapted cells was linear from the lowest detectable amount up to 15 ,ug of membrane protein (Fig. 5) . The amount ofimmunodetected protein from unadapted cells was three-to fourfold greater than that detected from NaCl adapted cells over this linear range.
The preceding characterization of ATP-dependent H+ transport indicated that H+ transport rates could be determined for membrane vesicles isolated from unadapted and NaCl adapted cells without complications resulting from differential leakage of H+ or a ApH probe. Furthermore, characterization of immunoreactivity of the tobacco H+-ATPase 69 kD subunit indicated that the relative amounts of this subunit in unadapted and NaCl adapted cells could be quantitatively estimated by immunoblot analysis. In each experiment, vesicle proteins (5-10 ,ug, see Fig. 5 ) from unadapted and NaCl adapted cells were compared on the same immunoblot after H+ transport or ATPase activity was assayed. The tonoplast ATPase from NaCl adapted cells exhibited a fourfold higher H+ pumping specific activity than the ATPase from unadapted cells when normalized to the relative levels of 69 kD H+-ATPase subunit present (Table IV) . This difference in the tonoplast ATPase as a function ofNaCl adaptation was verified by comparison of the ATP hydrolysis activities which indicated a threefold (Table V) higher activity for the tonoplast ATPase of NaCl adapted cells. This eliminates the possibility that differential sideness of the tonoplast vesicles from the different cell types was the basis for the observed change in H+ transport capacity after adaptation.
DISCUSSION
Evidence has been presented that indicates salt adaptation results in an alteration of a primary H+ pump in the vacuolar membrane, the tonoplast ATPase. Relative to the ATPase from unadapted cells, the capacity for ATP hydrolysis and H+ transport is greater for the tonoplast ATPase of NaCl adapted cells when the content ofthis ATPase in the tonoplast vesicle enriched fraction is determined by immunodetection of the 69 kD subunit (Tables IV and V) 20 25 Membrane protein (jg) Figure 5 . Although the capacity of the tonoplast ATPase is enhanced as a function of NaCl adaptation, the immunoblot data indicate that there has been a reduction in the amount of ATPase in the vacuolar membrane of adapted cells. The interpretation of these data is complicated by the differential composition of the vesicle fractions from the different cell types, the protein to lipid ratio of various types of membrane vesicles that the fractions contain, and the protein to lipid ratio of specific membranes that result from NaCl adaptation. However, it does not seem likely that these possibilities can account totally for the several-fold difference in ATPase content observed from the immunoblot analysis (Fig. 3) . Thus, it appears that salt adaptation has resulted in a reduction in the amount of the H+ ATPase in the tonoplast that is compensated for by an increased capacity of the enzyme for ATP hydrolysis and H+ transport. Clear confirmation will require further examination involving perhaps immunocytochemical techniques or utilization of purified vacuole preparations.
The significance of a decrease in the amount of ATPase protein in the tonoplast after adaptation to NaCl is presently unclear. It is also not clear if the increased specific H+ transport capacity of the tonoplast ATPase has resulted in enhanced net H+ transport capacity across the tonoplast. Enhanced capacity for unidirectional transport of protons into the vacuole would lead not only to a greater accumulation of Na+ and Cl-in the vacuole for the purpose of osmotic adjustment but would affect also the transport of many other solutes. There may be no net change in ApH or AO as a result of enhanced H+ transport assuming that utilization of a Na+/ H+ antiporter and a Cl-uniporter mediates uptake of these ions into the vacuole. This, ofcourse, is a somewhat simplistic generalization involving maybe one use of the H+ gradient for facilitated solute uptake and for achieving H+ electrochemical balance. Nevertheless, the fact that adaptation to salt has resulted in both a decrease in the amount of tonoplast H+ ATPase and an increase in the specific H+ transport capacity indicates that the H+ transport capacity of the tonoplast is highly regulated. It is possible that during initial exposure to NaCl an increased amount of a more active ATPase is made and after ion equilibration is reached the amount of this, more active, ATPase in the membrane is reduced.
It has been shown that facultative CAM plants, Mesem- bryanthemum crystallinum and Kalanchoe blossfediana, when exposed to conditions (high NaCl exposure) that induce the transition to CAM exhibit a several-fold increase in tonoplast ATPase activity (8, 29) . The need for greater ATPase activity was attributed to the requirement for protons to facilitate the accumulation of malic acid into the vacuole. It is possible that the response of facultative CAM plants to salt with respect to the tonoplast ATPase may be unique. However, it is plausible that enhanced tonoplast ATPase activity is a requisite for increased solute uptake into the vacuole, particularly under conditions of initial salt imposition. The biochemical basis for the increased ATP hydrolysis and H+ transport capacity of the tonoplast ATPase which results from salt adaptation is not yet defined. Changes in lipid composition of membranes occusas a result of exposure to salt and the ability to mediate these alterations can be correlated to the salt tolerance ofgenotypes (17, 22) . The lipid environment in membranes has been implicated to be involved in the regulation of ATPase activity (18, 24) . Salt adaptation could involve post-translational or allosteric regulation of the tonoplast ATPase affecting ATP hydrolysis and H+ transport activities. Kinase mediated phosphorylation as 
